INTRODUCTION
The previous paper (1) described a design of inhalation smoking machine which is intended to present diluted smoke to 72 animals with a minimum delay. The object of the present paper is to evaluate the machine in terms of smoke delivery, to compare the delivery with that of a reference analytical machine, and to account for any difference in delivery between machines. An appreciation of inhalation machine performance and its effects on smoke chemistry is necessary for the interpretation of biological results from animal exposures using this machine. The paper will describe the methods and results obtained from an evaluation of the inhalation smoking machine in terms of PMWNF, nicotine, carbon monoxide (CO) and other smoke chemicals at various points in the machine (at the smoke pump, at the dilution chamber and at the animal ports), and will compare results with reference analytical data. Attempts will be made to account for any differences between the two machines, using a range of cigarette types at dilutions similar to those used in biological experiments.
METHODS AND MATERIALS
Cigarettes
The cigarettes used in this study are described in Table 1 . Before smoking, the cigarettes were conditioned for at least 48 hours at 600fo relative humidity and 21 °C, and were smoked under standard conditions, i.e. 35 ml puff of 2 seconds duration, once per minute to a butt length of overwrap plus 3 mm (2) . The cigarettes were not weight or pressure drop selected for this work. Table 2 .
Comparison for various clgareHes of undiluted smoke deliveries from Inhalation machine with analytical data. 
Cigarette

Analytical Smoke Chemistry
PMWNF,nicotine and CO were analysed using a Filtrona 300 twenty-channel piston smoking machine fitted with an automated CO collection and analysis unit (ATCOM 20) (3). Wet particulate matter (PM) was determined gravimetrically, nicotine by a steam distillation and spectrophotometric procedure, and water by gas chromatography (2) . Carbon monoxide, after collection of vapour phase in the plastic bags of the ATCOM 20, was analysed by a non-dispersive infrared (NDIR) technique (2) . Hydrogen cyanide, total volatile aldehydes and steam volatile phenols were analysed using a 6-channel constant flow smoking machine using procedures described in (2) . Formaldehyde was analysed on the same machine using a spectrophotometric procedure described by S pincer and Chard (4).
Inhalation Machine Smoke Chemistry
The details of the inhalation smoking machine are described elsewhere (1 ) . The inhalation smoking macbine was allowed to run for 2 hours prior to any experimentation; previous tests had established that puff volume was constant both with and without cigarenes after this initial warm up period. To sample and collect smoke immediately behind the pump (i.e. undiluted smoke), the dilUtion cbamber was disconnected from the pump and the smoke was diverted into the appropriate trapping system for the analysis under consideration. Traps and analytical procedures were similar to those used in the analytical smoking procedures. Puffs of smoke taken into the traps were equivalent to those used in the analytical procedures; puff numbers on the turntable were randomized to eliminate any possibility of biased data. Flow rates were monitored throughout the analyses using rotameters calibrated against a wet gas meter. Sampling of the diluted smoke at the distribution head and the upper, middle and lower animal levels was achieved by connecting a vacuum pump via aT piece at the appropriate position and pumping from these points through the appropriate trapping system. Diluted smoke was sampled over a 30-minute period; procedures were similar to those used in the analytical smoking. In all cases, for analytical and inhalation smoking at each sampling point, at least 5 analyses were performed and results quoted are the means of these individual analyses.
In the tables of results means and associated 95 °/o confidence limits are given, unless otherwise stated. In comparisons of inhalation and analytical smoking madtine data, the 95 O/o confidence limit of the yield ratio inhalation: analytical machine is given by the equations:
where x1 is the mean inhalation machine smoke yield, x 2 is the mean analytical madtine smoke yield, t is the value from Student's t tables.
Estimation of Deposition
One of the main differences between the inhalation and analytical smoking machines is that in the former the pump is situated between the cigarettes a~d the trapping system (for sampling undiluted smoke). Deposition of smoke in the pump (or in the pipework behind the pump if sampling diluted smoke) is a possibility and so a method was developed to estimate this deposition level using nonvolatile whole smoke condensate (NVWSC) (2) . Starting with a clean machine (i.e. all pipework washed out with acetone) smoking was carried out in the usual manner, collecting the PM on a Cambridge filter pad at the appropriate sampling point. After smoking the specified number of cigarettes, the pump and pipework were washed with acetone and an aliquot was quantitatively assayed for nicotine. The remainder was rotary evaporated to constant weight at 40 °C and 133 daPa (10 mm Hg) to give a quantitative NVWSC yield (2) . From correlations between NVWSC and PMWNF previously established for each product on test, the PMWNF equivalent deposited in the inhalation machine could be calculated. For example, for a 100 O/o tobacco cigarette PMWNF was 19.7 mglcigarette and NVWSC 15.7 mg/ cigarette, giving a relationship of PMWNF (mg/cigarette) = NVWSC (mg/cigarette) X 1.255. The deposition calculated in this way can be added to that collected on the pad in order to estimate the total PMWNF or nicotine delivery by the cigarette.
RESULTS AND DISCUSSION
I. Comparison of Undiluted Smoke Delivery with Analytical Data
PMWNF, Nicotine, CO
The delivery of smoke immediately behind the pump, i.e. position 1 (Figure 1 ), was compared to that delivered by a Filtrona 300 analytical smoking machine. Table 2 summarises data for a series of cigarette model products and shows that the inhalation machine consistently delivered less smoke than the analytical machine, although deliveries of CO were not so greatly reduced as were those of PMWNF and nicotine. Puff numbers were also consistently lower in the inhalation machine. To try to explain the differences between the observed smoke deliveries from the two madtines, the following ± 0.03
• Partlculate matter, water and nicotine free.
•• Using puff No. data given in Table 2 .
possibilities were investigated (bearing in mind that puff volume, cigarette conditioning, puff duration, puff interval and butt length were identical in the two machines): a) Deposition of PM inside the pump: This can happen in the inhalation machine as the pump is sited between the cigarettes and the Cambridge filter pad. The observation that CO differences between the two machines were small compared to PMWNF and nicotine differences suggests that particulates could be deposited inside the pump. To evaluate this, the pump and pathway were washed with acetone after smoking and NVWSC yield (and nicotine) measured on the washings as described previously. Such determinations were made on a range of products and data are summarised in Table 3 , in which corrected yields are given after allowance for deposition. If the data from inh~lation and analytical machines are then corrected for the difference in puff number, by quoting an average yield per puff, analytical and inhalation data compare quite favourably.
b) Free burning time:
In the inhalation machine, cigarettes are on a rotating turntable whereas in the analytical machine they are stationary, possibly introducing differences in free burning. Although a given cigarette gave identical free burning times without puffing on both machines, differences were observed when a puffing cycle was introduced. Figure 2 illustrates the differences between inter-puff free burning and puffing paper regressions for the two machines. The inhalation machine gave much greater regressions between puffs, and slightly greater regressions during puffs, than the analytical machine using a 100 Ofo tobacco cigarette. The difference in inter-puff free burning could account for the observed puff number difference between the two machines, possibly through a difference in cone shapes immediately after puffing in the two different profiles (bell-shaped v. square wave).
c) Restricted v. unrestricted smoking*: The analytical smoking machine uses restricted smoking, the inhalation machine unrestricted. This could account for the differences in PM delivery in addition to the paper regressions discussed above. Using a comparable rotary turntable which gave restricted smoking, it was possible to compare smoke Puff number 9.6 ± 0.4 9.2 ± 0.3 deliveries directly with the inhalation machine. Results (Table 4) indicate that the style of smoking does not contribute to the observed differences in smoke delivery for the products used in this study. Analytical smoking machine: average regression of paper during puffs = 3.6 mm average regression of paper between puffs = 1.3 mm Inhalation smoking machine: average regression of paper during puffs = 3.9 mm average regression of paper between puffs = 1.9 mm 9 10 d) Puff profile effects: The analytical machine has a bell-shaped profile whereas the inhalation machine has a square wave. It was not possible to investigate the effect of this parameter: Seehofer and Schulz (5) claimed that no differences were observed on filter cigarettes for these two puff profiles.
e) Effect of neighbouring cigarettes during smoking: On the inhalation machine, the axes of two adjacent cigarettes on the turntable are 23-33 mm apart, as opposed to the analytical machine, where they are 65 mm apart. Each cigarette on the inhalation machine could heat its neighbours by irradiation. To clarify the effect of this, the PMWNF, nicotine and CO yields were recorded for thirty 100 Ofo tobacco cigarettes smoked in rotation, 5 cigarettes smoked in rotation on adjacent ports and 5 cigarettes smoked consecutively in one single port, on the inhalation smoker. Results (Table 5) show that any irradiation effects, if present, do not adversely affect smoke yields. machines, and was generally thought unlikely to contribute to the observed differences.
It would appear, therefore, that the losses incurred at the sampling position 1, immediately behind the pump, are due to two main causes: (a) deposition within the pump and (b) differences in puff number.
Other Smoke Chemicals
Having determined smoke quantity at sampling position 1 and smoke quality using CO and nicotine, it was decided to compare deliveries of certain key chemicals in the smoke. Thus hydrogen cyanide, total volatile aldehydes, steam volatile phenols and formaldehyde were measured in the undiluted smoke. Results (Table 6) suggest that there is little difference between the two smoking machines in the delivery of these chemicals.
Comparison of Diluted Smoke Delivery with Analytical Data
For this aspect of the work, four sampling positions were available ( Figure 1 ): at the top of the animal trays (position 2), and at each of the three trays (positions 3, 4, 5).
A preliminary investigation using a 50 Ofo tobacco : 50 °/o Cytrel cigarette at a smoke concentration of 2.0 Ofo (v/v) was undertaken to establish if any differences existed between the three animal tray levels. Results (Table 7 ) Table 7 .
Comparison of smoke delivery data at the three animal port levels (positions 3, 4, 5) from 50 % tobacco : 50% Cytrel cigarette at 2% (v/v) smoke concentration. show that there were no statistically significant differences between the three levels. Positions 1, 2, 3 were sampled using three cigarette types at smoke concentrations typical of those used in animal inhalation experiments. In addition to measuring PMWNF, nicotine and CO at the three positions, deposition was measured up to positions 1 and 2. Recognising that puff number is a major difference between the inhalation and analytical machines, all data are expressed as average yields per puff. Actual deliveries and comparisons with analytical machine data are given in Table  8 ; ratios of inhalation and analytical machine data are shown in Table 9 .
In actual deliveries on a per puff basis, the inhalation machine delivers slightly less smoke to position 1 than the analytical data would indicate, the difference being wholly accountable for by deposition. There are further losses in actual delivery to position 2 and again to position 3, particularly in PMWNF, as indicated in Table 8 , and after accounting for deposition there still appear to be losses. Carbon monoxide deliveries are slightly lower at positions 2 and 3 and these could suggest some evidence of leakage. For example, the total recoveries for PMWNF, nicotine and CO for the 1000/o tobacco product at position2 are about 85 Ofo. There is also evidence of PMWNF's selectively depositing (11 Ofo-16 Ofo) compared to nicotine (5 Ofo), indicating that nicotine may be transferred in part to the vapour phase. Some studies were made on hydrogen cyanide and total volatile aldehyde deliveries to the 1st level of the animal trays -position 3 -using 100 11 /o tobacco cigarettes at 1.45 Ofo (v/v) smoke concentration. Table 10 indicates an average recovery of 85 Ofo of these chemicals when calcu- lated on a per puff basis, and as such compare favourably with the CO data ( Table 9) . To see if smoke concentration has any effect on actual smoke delivery from the inhalation machine, two cigarette types were studied over a range of smoke concentrations, keeping within the range normally encountered in animal exposure experiments. Data for these two products [ 100 Ofo tobacco over the range 1.45°/o-3.00/o (v/v) and 500fo tobacco: 500fo Cytrel over the range 2.00/o-4.00/o (v/v)] are given in Table 11 , data on the diluted smoke being obtained at the 1st level of animal trays. It is clear that dilution has no significant effect on smoke delivery; the data also confirm the observation in Table 8 that PMWNF actually delivered from the inhalation machine is less than the delivery of nicotine and CO.
SUMMARY
The paper describes experiments which have been used to evaluate an inhalation smoking machine for small animals. Deliveries of undiluted and diluted smoke from this machine have been compared to reference data obtained from an analytical smoking machine. Deliveries of smoke immediately behind the smoke pump were lower than those from the analytical machine, largely due to differences in puff number (created largely by differences in paper regression between puffs) and deposition. When these factors were accounted for, deliveries from the two machines compared favourably. However, deliveries of diluted smoke, although apparently independent of dilution level, were somewhat lower than analytical deliveries. 
